Litter decomposition processes in tropical rainforests are still poorly understood. Leaf litter decomposition and nutrient dynamics of ten contrasting tree species, Entandraphragma utile, Guibourtia tessmannii, Klainedoxa gabonensis, Musanga cecropioides, Panda oleosa, Plagiostyles africana, Pterocarpus soyauxii, Strombosia scheffleri, Vitex grandifolia and Xylopia aethiopica were studied in the tropical rainforest of Ebom, Southwest Cameroon. After 23 weeks of field incubation in litterbags, mass loss of litter samples varied from 24.08% in E. utile to 92.35% in V. grandifolia. Decomposition rate constants (k) ranged from 0.014 in M. cecropioides to 0.165 week -1 in V. grandifolia. The nutrient content in original litter samples also varied widely among species and showed low levels of Na, P and Mg, and high levels of N, Ca and K. Average nutrient releases was 89.04%, 60.80%, 46.19%, 40.99% and 24.17% of mean initial content for K, Ca, Mg, N and P, respectively. For nutrient-related litter chemistry, correlations with the mass losses at the end of litter incubation were significant (P<0.05) only for C:N ratio, Mg and K content, whereas decomposition rate constants were significant only for K (P<0.01) and P(P<0.05). It can be concluded that litter decomposition is affected by litter chemistry and specific nutrient composition in Ebom tropical rainforest of Cameroon.
INTRODUCTION
Litter decomposition represents an important phase of nutrient cycling and carbon fluxes of terrestrial ecosystems (Sun et al., 2004; Berg and Laskowski, 2006) . It is during this phase that nutrients, in particular N and P, immobilized in the litter are partly released and are made available for plants and soil micro-organisms (Begon et al., 2005) . Knowledge of the cycling of nutrients through litter decomposition is important for managing the productivity of forest ecosystems, regeneration of seedlings and restoration of soil fertility.
Rates of litter decomposition and nutrient release are often site specific (Edmonds, 1984) and patterns of nutrient release are complex and independent of mass loss (Johnson et al., 1982) . The major factors controlling litter decomposition and nutrient release in forest ecosystems are temperature and moisture (Cisneros-Dozal, 2007) , soil type (Hobbie and Vitousek, 2000) , decomposer populations (Mayer, 2008; NegreteYankelevich et al., 2008) and initial litter properties such as N and P content, ratios of C:N, C:P and lignin:N and litter toughness and thickness (McGroddy et al., 2004; Valenzuelasolano et al., 2006) . Information on litter decomposition processes in tropical rainforests is relatively poor compared to that of temperate forests and the influence of litter quality on decomposition is not fully understood (Hirobe et al., 2004) .
The impact of plant species on litter decomposition and nutrient availability depends on the chemical composition of their litter and varies with development of phase of the forest vegetation (Kimmins, 1987) , tree species and groups such as climax and pioneer, evergreen and deciduous species (Knops et al., 2001; van Dam, 2001; Ibrahima et al., 2010) . These aspects are particularly prominent in tropical rainforest because of the mosaic development of the vegetation phase and high species diversity (Leigh et al., 2004) . The relationships between tree species composition, tree groupings and litter decomposition are not clear because of the heterogeneity of vegetation (Proctor et al., 1983) .
The amount of forest area in Cameroon is estimated at 21 Mha, of which about 17.5 Mha are assigned as productive forests (MINFOF, 2005) . Forest exploitation has increased over the last three decades, probably as the consequence of CFA Franc devaluation (Eba'a Ayeti, 2000) . So, as remedy to the negative impact forest exploitation to biological diversity, the Cameroonian government with the aid of donors strive through research programmes like the Tropenbos Cameroon Programme to develop sustainable management methods and strategies of these forests. This should not only protect the biodiversity but also ensures a sustainable production of the goods and services of these forests at a socially, economically as well as ecologically acceptable levels (Foahom and Jonkers, 1992) . The sustainable management of rainforest like that of Cameroon requires, without overlooking the interests of the local inhabitants, knowledge of its structure and functioning, such as phytomass and nutrient cycling, including litter decomposition.
The objective of the present study was to assess litter decomposition and nutrient dynamics of ten dominant and various tree species of Ebom rainforest, and to compare climax and pioneer species. The influence of litter quality on litter decomposition process is also discussed. This study was carried out within the framework of the Tropenbos Cameroon Programme (TCP).
MATERIALS AND METHODS

Study site
The study was conducted within the Tropenbos Cameroon Programme (TCP) research area, which is located in the western portion of the Atlantic Biafrean forest of south Cameroon, lying within the Congo-Guinea refuge. The TCP area is approximately 2000 km 2 and bordered by the villages of Lolodorf (3º 14' N, 10º 44' E) in the north, AdjapEssawo (3º 02' N, 10º 52' E) in the east, Akom II (2º 48' N, 10º 34' E) in the south, and Bipindi (3º 4' N, 10º 25' E) in the west (Van Gemerden and Hazeu, 1999) . The bed rock is composed of Precambrian metamorphic as well as old volcanic rocks (Franqueville, 1973) . The soil between 50 and 350 m a.s.l. is a mixture of sand and clay (<25%) and is moderately acidic and between 350 and 500 m a.s.l. it is very clayey (35-70%) and strongly acidic (Van Gemerden and Hazeu, 1999) . The climate is humid tropical with four seasons: a long dry season (from mid-November to mid-March), a second short dry season (mid-May to mid-August), a short rainy season (mid-March to mid-May), and a long rainy season (mid-August to midNovember). Rainfall decreases progressively to the east of the study area with an annual average of 2836 mm at Kribi, 2096 mm at Lolodorf and 1719 mm at Ebolowa (Ntonga et al., 2002) . Annual average temperature ranges between 22.9 and 27.5 °C (Olivry, 1986) .
The vegetation is classified as Biafrean Atlantic rainforest rich in Caesalpiniaceae (Letouzey, 1985) . The western and central portions of this area with an altitude of slightly less than 700 m a.s.l. are covered with an evergreen forest, characterised by tall trees that reach heights of about 60 m. The eastern part is mountainous and covered by a submountainous forest with a canopy that varies from 15 to 20 m height (Van Gemerden and Hazeu, 1999 Van Gemerden and Hazeu (1999) . The tree density was about 521 trees ha -1 with a basal area of 29.84 m 2 ha -1 , the diameter classes ranging from 9.4 to 150.0 cm with a mean diameter of 21.3 cm (Ibrahima et al., 2002) .
Litter collection and selection
In this study, only freshly fallen leaf litter of the 10 most common and dominant species from the forest was used (representing 82 to 90% of the total fresh leaf mass (Ibrahima et al., 2002) . The litter samples were taken to the laboratory in polythene bags and dried in oven-dried at 60°C for 48h. Leaf litter was sorted by species and only this material after drying was used for the decomposition experiment.
Litter decomposition experiment
The litterbag method described by Bocock et al. (1960) and Ibrahima (1995) was used. Litterbags consisted of nylon material with a 1 mm mesh and were sized according to litter type to avoid leaf material compression and prevent the creation of artificial conditions within the litterbags. The choice of litterbag dimension and mesh sizes was based on other studies in tropical forests (Brouwer, 1996; Ibrahima et al., 2002; van Dam, 2001 ). In total, 180 litterbags (6 sampling dates x 3 replications x 10 species) were filled, each with 5 ± 0.01 g of litter and placed on top of the soil, from 18 th January to 29 th June 2001. Three litterbags per species were collected at 2, 4, 6, 9, 14 and 23 week intervals and transported to the laboratory, roots, fauna, and soil particles were removed from the litterbags. The dry mass of samples in each litterbag was determined after oven drying at 60 °C to constant mass. To determine initial dry mass and nutrient content, three supplementary litter samples of each species were weighed and dried at 60 °C to constant mass. The residual dry mass as percentage of original dry mass in each litterbag was determined using the equation (DM t /DM 0 ) x 100, where DM 0 is the original dry mass and DM t is the residual dry mass at time t.
Chemical analysis
Samples were ground into powder through a Culatti micro hammer Mill grinder equipped with a 1 mm link filter. Ground samples were first mineralised by passing the powder through a furnace at 550 °C for 40 mins. The ashes were collected with a diluted HNO 3 solution for nutrient analysis. Calcium (Ca) and magnesium (Mg) were determined by atomic absorption spectrophotometry; potassium (K) and sodium (Na) by flame spectrophotometry; phosphorous (P) by vanado -molybdate colorimetry. Nitrogen (N) was analyzed using the Kjeldhal method and titrated with sulphuric acid at 0.01 N. The carbon content was detected by oxidation with potassium dichromate after digestion in the presence of oxygenated water. Some samples from M. cecropioides, S. scheffleri and X. aethiopica from the third and fourth collection could not be analyzed.
Statistical analysis
The litter decomposition rate constant (k) for each species was estimated using the simple negative exponential decay function (Olson, 1963) :
Where DMR is the litter dry mass remaining.
The k value was used to calculate turnover time (1/k) and the time required for 50% decomposition or the half-life of litter in the litterbag (t 0.5 , Bockheim et al., 1991):
The remaining nutrient content of litter was calculated as a percentage of the initial content using the following equation (Bockheim et al., 1991) :
Where QR is the nutrient amount remaining (%); C t and C 0 are respectively nutrient content at time t and at time 0; DM t and DM 0 are dry mass at time t and at the initial time.
Before performing any statistical analysis, all variables were tested for normality and if necessary (usually) log transformed. Comparisons among species of dry mass remaining (DMR) and nutrient content after 23 weeks of incubation were made using one-way ANOVA followed by Scheffe's test at 5% if differences were significant. A multiple comparison among the decay rate constants (k) was also done using the T'method (Sokal and Rohlf, 1981) . Linear regression was calculated between original nutrient content and final DMR (at 23 weeks) or decomposition rate constant (k). Nutrient content at the last incubation (23 weeks of incubation) was compared to those measured in the original litter for each species by Students t-test. The loss of nutrients was calculated as the difference between the original absolute amount and the final amount of each nutrient and this difference was also expressed as percentage of original amount (%) if the Students t-test was significant. These tests were conducted using SX software statistic (version 4.0, Analytical software 1992).
RESULTS
Dynamics of dry mass of remaining litter
At the end of the incubation period, the dry mass remaining (DMR) varied significantly among species (F= 5.39, P < 0.01), from 7.6% in V. grandifolia to nearly 80% of initial dry mass in E. utile, thus corresponding to a loss ranging from 24 to 92% in the same species (Table 1) . Generally, the greatest and the smallest mass loss were found in climax species. No significant difference (P > 0.05) was found between climax (44.74 ± 8.34%) and pioneer species (55.46 ± 5.08%) according to their DMR.
The dynamics of DMR varied according to species ( Figure  1 ). Decomposition was fast at the beginning of the incubation period for all the species apart from K. gabonensis and S. scheffleri. This loss decreased with time. The loss of leaf litter mass was greatest in V. grandifolia, and lowest in E. utile and those of other species were intermediate.
A simple exponential function was used to determine k and the corresponding half-life of decomposition. The coefficients of determination were all highly significant (P < 0.001), although they varied among species (Table 1) . The values of k ranged from 0.04 for M. cecropioides to 0.165 week -1 for V. grandifolia, corresponding to t 0.5 of 49.5 and 4.2 weeks for these two species. The rate of litter decomposition of climax species overlapped with the range of pioneer species, but the litter decay constants of the last group were ranged among the lowest.
Changes in carbon and nutrient content
The original carbon and nutrient contents varied significantly according to nutrient and species (Table 2) . The original Mg, Na and P contents were lower than those of C, N, Ca and K for all the litters, except Ca in the original litter of G. tessmannii (0.67 g kg -1 ) and K in the original litter of M. cecropioides (0.89 g kg -1 ). About 23 weeks after incubation of the litters in situ, the nutrients release varied with plant species and nutrients (Table 3) . Nitrogen was released in all the litters, except in the litter of E. utile that continued to immobilize it, 23 weeks after incubation. This immobilization was not significant compared to the original value. For the other species, the release of N was only significant relative to the original value for V. grandifolia, P. africana, S. scheffleri, G. tessmannii, P. soyauxii and X. aethiopica, with the highest release rate for V. grandifolia (90.11%), the lowest one for S. scheffleri (25.54%), while the corresponding N losses were 52.46 and 11.76 mg respectively.
Ca was released by all the litters, 23 weeks after incubation in situ, unlike E. utile, that continued to immobilize this nutrient ( Na was the less released nutrient after 23 weeks of incubation in situ (Table 3) . Only V. grandifolia and X. aethiopica showed release of Na, but this release was significant compared to the initial value only in V. grandifolia, with a rate of 99.17% and a loss of 0.12 mg. Na was still at the immobilization phase for other species, 23 weeks after incubation. This immobilization reached 600% in M. cecropioides, with an increase of 0.06 mg. The lowest increase of Na (0.02 mg) was found in S. scheffleri at a rate of 100%.
P was released by all the litters at 23 weeks of incubation, except for P. oleosa, G. tessmannii and E. utile, in which P was still at the immobilization phase (Table 3 ). The release of P was significant only in V. grandifolia (78.73%), P. africana (31.28 %) and X. aethiopica (69.21%) with respective losses of 2.49, 0.66 and 2.36 mg.
Among species, the litter of V. grandifolia released the highest quantities of all the nutrients after 23 weeks of incubation in situ, with rate reaching 99% for Ca, K and Na (Table 3 ). The lowest quantities of nutrients were from the litters of S. scheffler for N and Mg, of K. gabonensis for Ca and K, and of P. africana for P, with respective rates of 25.54%, 29.36%, 50.78%, 75.76%, and 31.28%. Globally, the nutrients were classified according to their mean release rate as follow: K (89.04%) > Ca (60.80%) > Mg (46.19%) > N (40.99%) > P (24.17%).
Dynamics of litter nutrients during the course of decomposition
Nutrients showed different dynamics during the 23 weeks of litter decomposition (Figures 2 and 3) . However, three groups of nutrients were distinguished according to their dynamics. In the first group to which belong N and Mg, the immobilization phase was located between 2 and 14 weeks of incubation depending on the species. At the end of the experiment, the two nutrients were released by all the litters at rates varying with species (Figure 2 ).
Ca and K were the only nutrients released from the beginning of incubation to the end of the experiment for all the litter types, with rates varying according to species, except that Ca slightly increased in the X. aethiopica litter during the first two weeks of incubation before the beginning of mineralization (Figures 2 and 3) . The patterns of release of both nutrients (Ca and K) were similar to the litter mass loss.
The immobilization phase of the last group, constituted by Na and P was extended on all the incubation period (Figure 3) . At the end of the experiment, the immobilization of Na continued in the P. africana, P. oleosa, E. utile, K. gabonensis and P. soyauxii litters and that of P in the E. utile, K. gabonensis and M. cecropioides litters.
Correlations between DMR, constants (k) and initial nutrient contents
Significant correlations were found between DMR after 23 weeks of incubation and initial chemistry of litter (Figures 4 and  5) . DMR was related to C:N ratio (Figure 4 ). The increase of C:N ratio in the initial litter led to slowing litter mass loss (or increasing DMR). It was also related to Mg and K contents of the initial litter, if the data of K. gabonensis as outlier were removed ( Figure  5a and b). Conversely to C:N ratio, litter mass loss increased with increased Mg and K contents. Similarly, litter decomposition rate constant (k) significantly and positively correlated with the initial K and P contents, when data of V. grandifolia as outlier were removed (Figure 6a and b) and the nutrients influenced positively litter decomposition. 
DISCUSSION
Litter decomposition processes
Litter decomposition varied among forest types and species composition (Table  4) . Indeed, van Dam (2001) reported that mass loss of Chlorocardium rodiei litter at 230 days of incubation (about 33 weeks) in the field decomposition in Guyana tropical rainforests, developed on similar soil types (oxisols/ultisols) reached about 30% of their initial mass. according to Brouwer (1996) , who worked in the same forests, this loss, for five species (Chlorocardium rodiei, Dicymbe altsonii, Eschweilera sagotiana, Eperua falcate and Eperua grandiflora) varied between 24% and 55% after 5 months (about 22 weeks) of field incubation, while Zou et al. (1995) found that the litter mass loss of 13 species ranged from 75.8 to 80.80% after 1 year of field incubation in the tropical rainforest of Puerto Rico. In our study the average litter mass loss varied significantly from 24.08 (E. utile) to 92.35% of initial mass (V. grandifolia) after 23 weeks of litter incubation in situ. These values were from the middle to upper part of the range reported in the literature and showed wide spectra of litter mass loss in Ebom tropical rainforest. In the tropical rainforest, the litter decomposition constant varied from 0.21 to 5.50 year -1 (Table 4) . Moreover, Brouwer (1996) claimed on the basis of results obtained by BernhardReversat (1972) that the rate of litter decomposition in the African tropical rainforest was faster than that of other tropical rainforests. The results of our study showed that the decomposition rate constants of leaf litter were in the middle to highest part of the range reported in the literature (Table 4) , and partly confirmed the conclusion of Brouwer (1996) These species belong to the XylopiaMusanga community that insures the transition between Macaranga-Chromolaena community of degraded forest zone and an old secondary forest. Xylopia -Musanga community developed 5 to 6 years after fallow or logging and is insensible to soil variations and land use systems (van Gemerden and Hazeu, 1999) . Conversely, the other species belong to the shade species that are dominant in climax forest.
The results found in our experiment globally differed from those reported in the tropical forest, but contradicted those of Mesquita et al. (1998) , who reported that decomposition of leaf litter of pioneer species was slower than that of climax species. Indeed, the differences in the litter decomposition between pioneer and climax species are consistent with the results reported by Brouwer (1996 ), van Dam (2001 and Mesquita et al. (1998) .
In contrast to Mesquita et al. (1998) finding, all the other authors showed that litter decomposition of pioneer species can be much more faster than that of climax species. Thus van Dam (2001) , in tropical rainforests developed on infertile soil, reported that litters from pioneer species such as Goupia glabra were almost completely decomposed after 1 year of incubation, while the firm leaf litter of the climax species like Chlorocardium rodiei had only 52% mass loss after 1 year in gap forest. According to the same author, the physical characteristics of the litter of the two species explained the difference between them. Contrary to G. glabra leaves, the smooth leathery surface of the firm and thick C. rodiei leaves provide a strong physical barrier against soil organisms attack and mycorrhiza infection. Our results have shown that the differences in litter decomposition among species in tropical rainforest was due not to difference between species groups (pioneer vs climax species), but partly to differences between the chemical characteristics of initial litter (Figures 4, 5 and 6 ). In fact, significant correlation between DMR and C:N, Mg and K or decomposition rate constants (k) and K and P were found. This means that litter decomposition processes in the Ebom rainforest were influenced by nutrient contents as reported in the literature for rainforest ecosystems (Brouwer, 1996; Xu et al., 2004) .
Patterns of nutrient release
Nutrient release showed different patterns. This release after 23 weeks of incubation was arranged in the following order: K>Ca>Mg>N>P. The order of nutrient release was similar to results reported from previous studies in the tropical rainforest, with the exception that Mg was often released faster than Ca, and P faster than N (Brouwer, 1996) . Other studies have shown that Mg was also released faster than K (Songwe et al., 1995) . Van Dam (2001) has observed a strong release of Na than K from the litter after 230 days (33 weeks) of incubation in Guyana rainforest and this could partly be explained by very wet climatic conditions due to the El Niño events.
The patterns of N and P were similar to most results reported in the literature and their immobilization indicated that leaching has no significant effect on their release compared to that of K and Ca that have a high potential of leaching. The low relative release of N and P can be explained by the fact that C:N and C:P ratios were generally greater in decomposer organisms than in plant tissues (Gosz et al., 1973) . In forest developed on highly weathered soils, as in our study area, the litter acts as a sink of N and P because of the shortage of these nutrients (Songwe et al., 1995) . The immobilization of these nutrients in the litter has been considered as a nutrient-conservation mechanism in some tropical ecosystems (Stark and Jordan, 1978) .
In the studied forest, the release of nutrient expressed as percentage of initial content were in the middle to faster part of the range reported in others tropical rainforest in infertile soils, except for N and Na (Chacón and Dezzeo, 2007; Brouwer, 1996; van Dam, 2001) . In fact, the nutrient release varied from 12 to 60% of initial content for Ca, from 14 to 72% for Mg, from 40 to 92% for K and from 2 to 70% for P. Compared to our results, Na was highly released (90-92%) from litter as reported by Brouwer (1996) and van Dam (2001) in the tropical rainforest of Guyana. No release of N was observed for 5 months of litter decomposition in the tropical rainforest of Guyana (Brouwer, 1996) and Venezuela (Chacón and Dezzeo, 2007) . Since all the studies were carried out on infertile soils (Oxisols/Ultisols), the differences between the tropical rainforests might partly be explained particularly by differences in chemical properties of the initial litters, resulting from differences in the specific composition among forests, such as climatic conditions generated by some events like El Nino (van Dam, 2001 ). Among species, release of all nutrients was the highest in V. grandifolia, while the lowest was found in P. africana, S. scheffleri, K. gabonensis and X. aethiopica according to nutrient; and the other species presented intermediate behavior. These results suggest that the tropical rainforest of Ebom is characterized by high spectrum of nutrient release and immobilization, and this wide spectrum is a possible mechanism of adaptation to poor environment in nutrients.
In the tropical rainforest of Ebom, the fastest litter decomposition in situ, in general, was in V. grandifolia, the lowest being in M. cecropioides and E. utile, and the intermediate in other plants species. The nutrient release was also the highest in V. grandifolia, reaching sometimes 99% of losses compared to the initial values, the lowest in P. africana for P, in S. scheffleri for N and Mg, in K. gabonensis for Ca and K and in X. aethiopica for Na, and intermediate in other species. Litter decomposition process was influenced by the chemical characteristics of initial litter. These results suggest that the rate constant of litter decomposition of the pioneer species was ranged among the lowest and climax species have a wide spectrum of decomposition process. They also suggest that the litter decomposition process was not related to species groups (pioneer vs climax species, etc.), but partly to differences among chemical characteristics of litter. 
